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Mutations in amyloid precursor protein (APP) are associated with
familial Alzheimer's disease. Recent development suggests that
homo- and heterodimerization of APP and APP-like proteins
(APLPs), which are enhanced by heparan sulfate binding, may play
a role in signal transduction and cell adhesion. Despite efforts to
model heparin binding based on known apo crystal structures,
the mechanism of heparin-induced APP/APLP dimerization has
not been established experimentally. Here we report the crystal
structure of a complex between heparin and the E2 domain of
APLP1, which harbors the conserved high affinity heparin binding
site of the full-length molecule. Within the asymmetric E2:heparin
complex, the polysaccharide is snugly bound inside a narrow
groove between the two helical subdomains of one protein proto-
mer. The nonreducing end of the sugar is positioned near the
protein’s 2-fold axis, making contacts with basic residues from
the second protomer. The inability of the E2 dimer to accommodate
two heparin molecules near its symmetry axis explains the ob-
served 2: 1 binding stoichiometry, which is confirmed by isothermal
titration calorimetric experiment carried out in solution. We also
show that, at high concentrations, heparin can destabilize E2
dimer, probably by forcing into the unoccupied binding site ob-
served in the 2:1 complex. The binding model suggested by the
crystal structure may facilitate the design of heparin mimetics that
are capable of modulating APP dimerization in cells.

he amyloid B-peptide (Ap) implicated in Alzheimer’s disease

is derived from a large type I membrane protein precursor
called amyloid precursor protein (APP) through sequential pro-
teolysis by p- and y-secretases (1). Mutations in APP and y-secre-
tase can cause familial Alzheimer’s disease (2). The biological
function of APP, however, is not completely clear. Gene manip-
ulation in intact animals showed that the APP family of proteins is
essential for survival (3-6) and suggested that they may play a role
in signal transduction and cell adhesion (6-9). The soluble ecto-
domain of APP (sAPP), which can be proteolytically released
from the membrane, shows robust trophic activities in vitro: In
cultured fibroblasts, where the activity was first described, sSAPP
promotes cell growth in an autocrine fashion (10); in neuronal
cells sSAPP not only stimulates neurite extension (11, 12), but also
has potent neuroprotective activities (13); sAPP also stimulates
the proliferation of epithelial cells (14). Recently it was sug-
gested that APP may trigger axon pruning and neurodegenera-
tion through death receptor 6 (15).

A number of independent studies have shown that APP and its
two mammalian homologs, the APP-like proteins (APLPs), can
form homo- and heterodimers inside the cell (16-20). Initial evi-
dence suggested that dimerization affects Ap production (16, 20,
21) and may play a role in the neuroprotective function of sAPP
(19). Solution studies of isolated APP ectodomain showed that
the protein is monomeric, but dimerizes in the presence of hepar-
in (22). This observation raises the possibility that heparan sulfate
proteoglycans, abundantly present in the extracellular matrix,
may play a crucial role in regulating APP and APLP dimerization.
In consistence with this hypothesis, it has been shown that hepar-
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inase treatment greatly reduces the number of APP dimers on
the cell surface (19).

The conserved E2 domain, which is located near the middle of
APP’s ectodomain, may contribute to the dimerization of the full-
length molecule (Fig. S1). The atomic structures of the E2 do-
mains of APP and APP homologs obtained from different crystal
forms suggest a conserved mode of protein dimerization (23-25).
The E2 domain also contains the high affinity heparin binding site
of the full-length molecule (26), and heparin binding induces the
formation of E2 dimers in solution (25). Despite efforts to model
heparin binding based on crystal structures of the apo proteins
and complexes with sucrose octasulfate (23, 27), the details of
E2:heparin interaction and the mechanism of heparin-induced
protein dimerization are not well understood. Here we report
the crystal structure of a complex between the E2 domain of
human APLP1 (NP_005157) and a heparin hexasaccharide.
Based on the previously undescribed structural data and addi-
tional biochemical analysis of wild-type and mutant E2 proteins,
we propose an asymmetric binding model for longer heparin
chains, which explains their dimerization effect at low concentra-
tions, and their apparent ability to disrupt protein dimer at high
concentrations.

Results

Structural Determination. The E2:heparin complex was generated
by directly soaking a homogenous heparin hexasaccharide into
preformed APLP1 crystals. Difference Fourier analysis showed
a continuous stretch of positive density near the protein’s 2-fold
symmetry axis (Fig. 14). The difference density corresponds to a
single heparin molecule. Four sugar residues could be modeled
into the density: The prominent features for the two sulfate
groups on N-sulfo-glucosamine-6-sulfate (SGN) and for the sin-
gle sulfate group on iduronate-2-sulfate (IDS) helped distinguish
the two types of sugar rings; the directionality of the polysacchar-
ide chain could also be unequivocally determined (Fig. 1B).
At the end of the modeled tetrasaccharide, the electron den-
sity for C4 and C5 of IDS-1 was poor. It was therefore unclear
whether IDS-1 was a regular L-iduronic acid or a A*-uronic acid,
which had a planar C4-C5 double bond and occurred only once at
the nonreducing end of the hexasaccharide (the missing disac-
charide unit could be on either side of the tetrasaccharide). In
the structure presented here, IDS-1 was modeled as a regular
L-iduronic acid.
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Fig. 1. The difference electron density for the heparin hexasaccharide soaked into preformed APLP1 crystals. (A) A single heparin molecule is bound near the
2-fold axis of the dimeric protein (shown as the Co-trace). The A chain is shown in green and the B chain in orange. (B) A detailed view of the electron density
that corresponds to the ordered portion of the hexasaccharide. The Fo-Fc map shown in A and B was calculated before heparin was included for refinement,
and thus not biased by the model. The map was contoured at 3c-levels. These figures and those in Figs. 2A, 3 B and C, and 4D were generated by program

PyMOL (http://www.pymol.org).

The two glucosamine residues (SGN-2 and SGN-4) of the
tetrasaccharide adopt the preferred *C, chair conformation
(Fig. 1B). Unlike glucosamine residues, internal L-iduronic acids
are usually flexible and can assume either the 'C, chair confor-
mation or the 2S5, skew boat conformation. The features of the
electron density indicate that IDS-3 adopts a chair conformation
(Fig. 1B): In the 2.2-A resolution map, three protrusions can be
clearly seen originating from the planar shape of the sugar ring;
these protrusions correspond to the axially positioned 2-O-sulfate
and 3-hydroxyl groups, and the equatorially positioned C6 car-
boxylate group. IDS-3 is apparently locked into this conformation
to maximize its interactions with the protein. The glycosydic
linkages that connect the sugar residues have very similar ¢/%¥
angular values as those observed for free heparins in solution,

indicating that the binding to the E2 domain did not introduce
any strains into the backbone of the polysaccharide (28).

Heparin:Protein Interactions. Within the APLP1:heparin complex
the sugar is bound inside a deep groove between the two subdo-
mains of one E2 protomer (the A chain) with its nonreducing
(O4) end extending toward the 2-fold symmetry axis of the pro-
tein where it makes additional contacts with three basic residues
from the second E2 protomer (the B chain). The tetrasaccharide
forms a total of 20 hydrogen bonds with the A chain and 3 hydro-
gen bonds with the B chain. The binding of heparin causes little
structural change in the protein.

Most interactions between heparin and E2 are mediated
through the O- and N-sulfate groups on the negatively charged
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Fig.2. Heparin is bound inside a conserved groove between E2's two subdomains. (A) A detailed view of the interactions between APLP1 and heparin. Shown
as stick models are the oligosaccharide (yellow), protein side chains that interact with it (green, A chain; orange, B chain), and part of the protein’s main chain
near the N terminus of the aB helix. The helices are shown as ribbons. Two turns of aB (between His-307 and Lys-314) were omitted to show His-376 behind the
helix. Water molecules that mediate hydrogen bonds between protein and heparin are shown as small red spheres. Hydrogen bonds are shown as dashed lines.
The carbon atoms of each sugar are labeled in blue from 1 to 6. Resides and helices from the B chain are indicated by the asterisk. (B) A schematic diagram of E2:
heparin interactions. The hydrogen bonds are represented by the dashed lines, and their distances are shown. The oligosaccharide is shown in gray, and amino
acids are shown in green (A chain) and orange (B chain). B was generated by LIGPLOT (35).
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sugar (Fig. 2 A and B). The 2-O-sulfate group of IDS-1 is simul-
taneously hydrogen bonded to Lys-314, Arg-369, and His-433*
(the asterisk denotes residues from the B chain). In SGN-2, the
2-N-sulfate group forms a direct hydrogen bond with His-430
and interacts with His-426 and Arg-429 via a water molecule. The
6-O-sulfate group of SGN-2 is hydrogen bonded to His-433,
Lys-314*, and Arg-369*. In IDS-3, the 2-O-sulfate group forms
a hydrogen bond with His-426. The same sulfate group also in-
teracts with His-307, His-376, and Arg-429 through water-
mediated hydrogen bonds. Besides the 2-O-sulfate, the ring oxy-
gen and the ester oxygen on C2 of IDS-3 also appear to interact
with His-376 via a water molecule. In SGN-4, the 2-N-sulfate
group points away from the binding groove and is not involved
in any interactions with the protein. The 6-O-sulfate group of
SGN-4 is hydrogen bonded to Lys-422. It also forms a hydrogen
bond with a water molecule that is positioned near the N terminus
of the aB helix. Therefore, the dipole moment of the helix may
also contribute to the binding of the sulfate group.

The heparin binding site revealed by the crystal structure is
completely conserved in APP and APLP2, the other two mamma-
lian members of the family (Fig. S1B). A total of nine residues,
four from the N-terminal subdomain (His-307, Lys-314, Arg-369,
and His-376) and five from the C-terminal subdomain (Lys-422,
His-426, Arg-429, His-430, and His-433), contribute to the bind-
ing of the tetrasaccharide. Mutation of these residues affects
heparin binding in various degrees (25, 27). A complete mapping
of the region by mutagenesis has identified two pockets that are
most important in ligand binding (27). The first pocket consists of
His-376, Lys-422, and Arg-429. In the crystal structure of the
complex with tetrasaccharide, these residues interact exclusively
with the disaccharide unit (IDS-3, SGN-4) that is bound inside
the intersubdomain groove. The second pocket consists of Lys-
314 and its symmetry mate Lys-314*. In the crystal structure,
Lys-314 and Lys-314* form hydrogen bonds with the disaccharide
unit (IDS-1, SGN-2) that is bound at the interfacial site. It is in-
teresting to note that the footprint of the tetrasaccharide covers

four histidines (His-307, His-376, His-426, and His-433) that are
absolutely conserved from the worm homolog to the human pro-
teins. At low pH, the protonation of these histidines is expected
to increase the binding affinity between the E2 domain and the
negatively charged sugar (23).

Binding Stoichiometry. The 2:1 protein:heparin binding stoichio-
metry revealed by the crystal structure was not expected. To de-
termine the binding stoichiometry in solution with longer heparin
chains, and to obtain other thermodynamic parameters, we con-
ducted isothermal titration calorimetry (ITC) experiment using a
heparin preparation that has an average molecular weight of
5 kDa, which corresponds roughly to a chain length of 15 sugar
residues. As illustrated in Fig. 34, the binding reaction is exother-
mic. Fitting the titration curve to a single type of binding site gen-
erated a binding stoichiometry of 1.7: 1, which is close to the 2:1
stoichiometry observed in the crystal. The dissociation constant
for the (E2),:heparin complex was calculated to be approximately
0.8 pM, indicating that the binding of heparin to the E2 domain is
approximately six times tighter than its binding to the E1 domain
(29), which harbors the other heparin binding site of the full-
length molecule.

The unique arrangement of protein protomers within the E2
dimer and the geometric shape of the heparin binding site in each
protomer provide a possible explanation for the observed binding
stoichiometry. The E2 domain dimerizes in such a way that the
binding site for heparin in one protein protomer is right across
the 2-fold symmetry axis from the binding site in the second pro-
tomer (Fig. 3B). The binding groove within each protein proto-
mer, wide enough for just one heparin molecule to fit deeply
inside, guides the polysaccharide toward the 2-fold axis (Fig. 3C).
Although it is not yet clear whether the sugar chain ends there, or
can extend further to occupy the second binding site (see below),
it is certain that a heparin molecule similarly bound to the second
protein protomer would create steric clashes with the first hepar-
in’s nonreducing end.
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Fig. 3. The binding stoichiometry. (A) Binding isotherm for the interaction between E2 and heparin. (Top) The downward pointing peaks represent the heat
released upon injection of protein into the heparin solution. The integrated peak area is plotted against the protein/heparin molar ratio (Lower). The line
represents the best fit of the ITC data. From this analysis, the following thermodynamic parameters were obtained: n, 1.71(+0.091); Ky, 0.787(+0.124) pM; AH,
—39.75(42.96) kCal/mol; AS, —103 cal/(mol-K). The injection of heparin into protein solution yielded similar results. B and C show the molecular surface of the
two heparin binding sites joined at the 2-fold axis (color-coded by electrostatic potential). In B, heparin is omitted to reveal the inner shape of the binding sites.
The 2-fold axis, roughly perpendicular to the paper, is indicated by the filled oval at the center. In C, heparin is shown as the space-filling model (yellow).
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Heparin Binding and E2 Dimerization. In solution, the E2 domain
exists in equilibrium between monomers and dimers (25). We
suggested previously that heparin promotes E2 dimerization by
binding more tightly to the dimers. The thermodynamic coupling
between the binding of ligand and protein dimerization predicts
that weakening the dimeric interface should also reduce the pro-
tein’s overall affinity for heparin. To test the relevance of the E2
dimer observed in the crystal, we mutated a pair of conserved
leucine residues (Leu-428 and Leu-453) that are found at the
dimeric interface (25). Leu-428 and Leu-453 do not interact
directly with heparin. As shown in Fig. 44, the double mutant
(L428A/LA53A) elutes from the heparin column at a lower salt
concentration (84%) than the wild-type protein, indicating that it
indeed has a lower affinity for heparin.

In the absence of heparin, the equilibrium favors monomers
probably because interactions between the monomers are weak.
The positively charged residues clustered at the dimeric interface
also generate electrostatic repulsions (Fig. 3B). The crystal struc-
ture shows that the negatively charged heparin molecule func-
tions as an electrostatic tether: It strengthens the interface by
forming hydrogen bonds with both protein protomers and re-
duces the electrostatic repulsion between protomers (Fig. 2). The
crystal structure also predicts that heparin chains as short as a
tetrasaccharide should be sufficient to induce some degree of
dimerization. To test this, we measured the fluorescence of the
protein in the presence of short heparin oligosaccharides. Pre-
viously we found that E2 dimerization causes a decrease of the
protein’s fluorescence intensity (25). As shown in Fig. 4B, the dis-
accharide produced no effect, whereas both the tetrasaccharide
and hexasaccharide reduced the fluorescence, indicating that
they can induce protein dimerization. It is, however, important to
note that the level of fluorescence quenching induced by the short
oligosaccharides is much lower than that induced by longer he-
parin chains. This latter observation suggests that longer heparins
may form additional contacts with the protein, which can also
contribute to the stabilization of the E2 dimer.

Most mutations that affect heparin binding also reduce dimer-
ization (Fig. S2). In Fig. 4C, the change of protein’s fluorescence
intensity is plotted against the concentration of heparin. As

A

expected, the titration curves for those mutants where key hepar-
in binding residues have been modified (K422A, K314A, R429A,
H376A, H307A, and R369A) are flatter than that for the wild-
type protein, indicating that a higher heparin concentration is re-
quired to achieve half maximum fluorescence quenching, which is
consistent with their lower affinities for the ligand (27). What is
surprising in the titration experiment is that many mutants also
appear to quench to a lesser degree than the wild-type protein,
even at high heparin concentrations where the titration curves
have started to plateau, indicating less protein dimerization.
Based on the crystal structure with the hexasaccharide, one might
predict that only K314A and R369A should affect the maximum
level of protein dimerization because, after the binding site in
the A chain is fully occupied, the interactions of heparin with
Lys-314* and Arg-369* from the B chain contribute directly to
the stabilization of the dimer, whereas interactions with the
others (e.g., Lys-422) do not (Fig. 2). Based on this finding and
the result of the previous experiment, we propose a bipartite
binding model where the longer heparin chain interacts with re-
sidues in the heparin binding sites of both protein protomers
(Fig. 4C). Because heparin does not have an internal 2-fold sym-
metry, its binding to the E2 dimer has to be asymmetrical: Within
the binding site of one protein protomer (primary contact), the
nonreducing end (O4) of the polysaccharide points toward the
protein’s 2-fold axis, in a fashion similar to what we observed
in the crystal structure; within the other binding site (secondary
contact), the polysaccharide’s nonreducing end points away from
the symmetry axis (dotted line in Fig. 4D). The fact that the hex-
asaccharide binds to the protein with a well-defined orientation in
the crystal suggests that the binding mode revealed by the crystal
structure is preferred over the binding mode where the sugar is
bound in the opposite orientation (Fig. S3). The E2 dimer is thus
different from many other heparin binding proteins in its asym-
metric interaction with the ligand (30, 31). Finally, it is interesting
that some mutants (e.g., H426A) show enhanced fluorescence
quenching (Fig. S2), indicating that not all interactions between
heparin and E2 contribute positively to dimerization.

The possibility that the secondary contact is weaker suggests
that, at high ligand concentrations, a new heparin molecule may
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Fig. 4. Heparin binding and E2 dimerization. (A) L428A/L453A (green) elutes

340 360 380 400 420
Wavelength (nm)

at a lower salt concentration from the heparin column than WT protein (blue).

The dotted line represents the salt gradient. (B) Heparin tetrasaccharide (green) and hexasaccharide (blue) quench the protein’s fluorescence slightly.
(C) Titration of the fluorescence intensities of wild-type and mutant proteins. The number in the parentheses indicates the salt concentration (percentage
of the wild-type value) at which the protein is eluted from a heparin column (27). In C and E, the 5 kDa heparin was used. (D) A model of the 2:1 complex
between E2 and heparin. The A chain is shown in green and the B chain in orange. A segment of the ligand that forms the primary contact with the protein is
shown in white stick model. The segment forming the secondary contract is represented by the white dots. The white arrows point from the reducing end (O1)
to the nonreducing end (04) of heparin. The colored arrows point from the protein’s N-terminal subdomain to the C-terminal subdomain. (E) The fluorescence
spectra of the protein at different heparin concentrations (0 uM, black; 5 uM, blue; 10 pM, red; 100 uM, green; 600 uM, purple).
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compete for the binding site by occupying it in the preferred or-
ientation and disrupt the protein dimer by clashing with the first
heparin molecule (Fig. S3). As shown in Fig. 4E, the fluorescence
of the protein dropped at low heparin concentrations (blue, 5 pM;
red, 10 pM). After reaching a minimum, the fluorescence became
less sensitive to the change of heparin concentration, indicating
that a maximum level of protein dimerization has been achieved.
When the concentration of heparin was raised higher (green,
100 pM; purple, 600 pM), a significant rebound of the fluores-
cence intensity was observed. This second change of fluorescence
reflects a lower-affinity binding event, and its opposite trend sug-
gests that protein dimers are breaking apart when the second
binding takes place, which is consistent with the prediction made
above.

Discussion

The centrally located E2 domain possesses several biochemical
and structural properties suitable for homophilic binding. The
isolated E2 domain can reversibly dimerize in solution (25). The
protein dimerizes in a conserved and antiparallel fashion (24, 25).
Heparin binding promotes E2 dimerization (25). Now adding to
these properties we have shown that heparin binds to a highly
conserved site in the E2 domain and that heparin strengthens the
dimeric interface by engaging in electrostatic interactions with
conserved basic residues from both protein protomers. The 2:1
binding stoichiometry between E2 and heparin is the same as that
observed for SAPP and heparin (22).

Dimerization at the E2 domain may affect the ability of the
domain to interact with other proteins. It was reported that APP
can bind to collagen, a component of the connective tissue (32).
The region that was thought to contribute to collagen binding is
buried at the E2 dimer interface and inaccessible from the solu-
tion. The E2 domain of APP was also found to interact with
F-spondin, a secreted neuronal protein, which inhibits APP pro-
cessing (33). Because F-spondin also binds to the APLPs, it must
recognize an exposed region that is conserved in the three pro-
teins. There are only two such regions on the protein surface: One
is involved in heparin binding, as shown here, and the other is
involved in dimerization (24). Therefore, the interaction between
APP and F-spondin could also be affected by heparin-induced
E2 dimerization. The growth-promoting activities of SAPP have
been attributed to an RERMS sequence motif within the E2 do-
main (12, 34). This sequence motif is partially buried at the dimer
interface.

Heparin binding also induces the dimerization of the E1 do-
main (29). Although the crystal structure of E1 has been solved,
the structure of the heparin complex is not yet known (29). The
contribution of E2 to the dimerization of APP and APLPs has
been questioned by some studies that seem to suggest that the
dimerization is primarily mediated through the E1 domain (17,
29). This is difficult to reconcile with our results at the structural
level: E1 and E2 are separated by an unstructured domain of 100
amino acids; dimerization at the E1 domain is therefore unlikely
to hinder E2 dimerization, even though the latter occurs in an
antiparallel fashion. Anchoring the molecule in the membrane
is also unlikely to affect E2’s ability to dimerize because E2 is
separated from the transmembrane domain by another unstruc-
tured domain of about 130 amino acids.

Materials and Methods

Reagents. The heparin hexasaccharide, tetrasaccharide, and disaccharide
were purchased from Iduron. The 5 KDa heparin (sc-203075) was purchased
from Santa Cruz Biotechnology.

Crystallization and Structural Determination. The recombinant E2 domain of
APLP1 (construct APLP1,g5 494) Was prepared and crystallized as previously
described (27). Briefly, for crystallization, a 10 mg/mL protein solution was
mixed with the well solution, which contains 25% PEG 3,350, 0.1 M bis-tris
pH 6.5, 0.2 M Li,SO4, and 25 mM ATP in a 72-well microbatch plate (Hampton

Xue et al.

Research); after streak-seeding, rod-shaped crystals usually appeared within
24 h. The hexasaccharide was dissolved in an artificial crystallization mother
liquor containing 25% PEG 3,350, 0.1 M bis-tris pH 6.5 (final concentrations 2
and 5 mM). Soaking in either 2 or 5 mM hexasaccharide solutions caused
deformation of most crystals within 2 h. However, a small number of crystals
survived the 2-mM soak overnight and remained visually intact. They were
cryopreserved by stepwise exchanging into an artificial mother liquor supple-
mented with 25% glycerol. The cryopreserved crystals were flash-cooled
in liquid nitrogen. X-ray diffraction data were collected from beamline
X25 at the National Synchrotron Light Source (NSLS) and processed by
HKL2000 (36). A previously determined apo-structure (27), with water and
sulfate ions removed, was used as the initial model for rigid body refinement
by the Crystallography and NMR System (CNS) program (37). The crystallo-
graphic asymmetric unit contains an E2 dimer (chain A and chain B). We have
also shown previously that the two subdomains within each protein proto-
mer are flexible (25). Therefore, the orientations and positions of the four
protein subdomains were independently refined, which lowered Ry from
47% to 37%. Subsequent rounds of positional and b-factor refinement and
model adjustment using O (38) further lowered Ryee to 33%. It was at this
stage that a tetrasaccharide and three sulfate ions were modeled into the
difference Fourier map, which lowered Ry by another 2%. Automatic water
picking and further refinement were carried out using CNS and REFMAC5
(39). The final model has an Ry value of 26.7% and reasonable geometry
(Table 1).

Isothermal Titration Calorimetry. ITC measurements were carried out on a
VP-ITC microcalorimeter (GE Healthcare MicroCal) in the Biophysics Resource
of the W. M. Keck Biotechnology Research Laboratory at Yale University. The
protein solution was dialyzed overnight against a buffer containing 10 mM
sodium phosphate and 10 mM sodium acetate (pH 7.5) at 4 °C. The protein
concentration was accurately determined by amino acid analysis. A stock so-
lution of the 5 kDa heparin was prepared in water and diluted by about
1,000-fold with the dialysate. The ITC experiment was performed with
1.3 uM heparin in the cell and 31 uM protein in the syringe. There were
20 injections in total; the first injection was 3 pL and the remaining 19 were
15 pL each, with 240-s spacing between injections. The thermogram was ana-
lyzed with the Microcal ORIGIN 7.0 software supplied with the instrument.

Heparin Binding. The effect of the mutations on heparin binding was empiri-
cally determined by applying the protein to a 1-mL Hi-Trap heparin HP

Table 1. Crystallographic statistics

Data collection APLP1:heparin

Cell dimensior}s, A a=74.2,b=2819, ¢c=9038
Wavelength,ﬂ A 1.071
Resolution, A* 40.0-2.2 (2.28-2.20)

Observed reflections 196,757
Unique reflections 27,708
Redundancy 7.1
Completeness, %* 99.9 (100.0)
(1/c)* 11.2
Rmerge™s 0.073 (0.506)
Refinement
Resolution, A 40.0-2.2
Ruwork/Réree® 0.218/0.267
Number of atoms
Protein 3,019
Heparin 71
Sulfate ion 15
Water 275
B factors
Protein 48
Heparin 69
Sulfate ion 108
Water 59
rms deviations
Bond lengths, A 0.009
Bond angle, ° 1.13

APLP1 was crystallized in space group P2,2,2;.
*Highest resolution shell is shown in parentheses.
1anerge = Z V/"<I>Vz lj.
*Rwork = X [Fo = Fcl/ Y. Fo- Riree is the cross-validation R factor for the test
set of reflections (10% of the total) omitted in model refinement.
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column (GE Healthcare) and eluting it with a linear NaCl gradient (0 to 2 M).
Mutants with reduced binding affinities elute at lower salt concentrations.
Before loading, the protein was first dialyzed against the chromatographic
buffer, which contained 10 mM sodium phosphate and 10 mM sodium acet-
ate (pH 7.5) (25).

Fluorescence Spectroscopy. Protein fluorescence was measured on a spectro-
fluorometer from Photon Technology International. The protein was excited
at 295 nm and the emission spectra were collected from 300 to 450 nm
at 1-nm intervals with a speed of 1 nm/s. Three scans were acquired and
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averaged. The protein concentration was fixed at 5 pM. Blank spectra were
collected from the buffer and subtracted from the data.
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